A cell-based assay employing Madin-Darby canine kidney cells stably expressing human neonatal Fc receptor (FcRn) heavy chain and β2-microglobulin genes was developed to measure transcytosis of monoclonal antibodies (mAbs) under conditions relevant to the FcRn-mediated immunoglobulin G (IgG) salvage pathway. The FcRn-dependent transcytosis assay is modeled to reflect combined effects of nonspecific interactions between mAbs and cells, cellular uptake via pinocytosis, pH-dependent interactions with FcRn, and dynamics of intracellular trafficking and sorting mechanisms. Evaluation of 53 mAbs, including 30 marketed mAb drugs, revealed a notable correlation between the transcytosis readouts and clearance in humans. FcRn was required to promote efficient transcytosis of mAbs and contributed directly to the observed correlation. Furthermore, the transcytosis assay correctly predicted rank order of clearance of glycosylation and Fv charge variants of Fc-containing proteins. These results strongly support the utility of this assay as a cost-effective and animal-sparing screening tool for evaluation of mAb-based drug candidates during lead selection, optimization, and process development for desired pharmacokinetic properties.
Introduction
Therapeutic monoclonal antibodies (mAbs) have become a major class of pharmaceutical products due to their proven effectiveness in the treatment of a variety of diseases. Whereas many conventional mAbs exhibit pharmacological behavior similar to those of the endogenous IgGs, substantial heterogeneity in nonspecific clearance of mAb drugs in human is commonly observed. Slow clearance from circulation enables desired drug concentrations to be realized with lower doses or infrequent dosing, which reduces the cost of care and improves patient compliance. Therefore, proper evaluation and selection of candidate drugs for desirable pharmacokinetic (PK) properties is imperative to successful development of mAb-based biotherapeutics. 1, 2 Nonspecific clearance is a key PK parameter of mAbs that reflects the antibody's target-independent elimination from circulation. It occurs mostly through intracellular catabolism after cellular uptake by pinocytosis in the reticuloendothelial system. Nonspecific clearance of mAbs can be influenced by a number of biophysical, biochemical, and biological properties. These include isoelectric point (pI), 3 charge, 4 ,5 hydrophobicity, 6 nonspecific binding, 7 off-target binding, 8 glycosylation pattern, 9,10 binding affinity toward Fcγ receptors, 11 immunogenicity, 12 and interactions with neonatal Fc receptor (FcRn) [13] [14] [15] which plays a key role in serum IgG homeostasis. FcRn is well recognized for its role in salvaging internalized IgGs from degradation to extend their halflives in circulation. 16, 17 Internalized molecules that are not bound to FcRn are directed to lysosomes for degradation. While the contribution of FcRn in prolonging half-lives of Fc-containing proteins is well documented, binding to FcRn is not the sole determinant for PK behavior of Fc-containing proteins, as evidenced by reports of a lack of correlation between FcRn binding and clearance of mAbs in vivo. 7, 14 FcRn is a heterodimeric protein consisting of a transmembrane major histocompatibility complex class-I like heavy chain and a soluble light chain, β2 microglobulin (B2M). FcRn binds to the Fc domain of IgGs at acidic pH (pH <6.5), but only minimally at neutral or basic pH (pH ≥7.0). This pHdependent binding property allows FcRn to bind to internalized IgGs in acidic endosomes and transport them back to the cell surface, where they are released into the circulation at physiological pH (pH~7.4). This FcRn-mediated recycling pathway is generally considered to be instrumental to extension of IgG halflife and maintenance of their levels in circulation. In addition to the recycling pathway, FcRn also mediates transcytosis of IgGs from vascular space out into tissue compartment, which impacts PK of mAbs by affecting their distribution. FcRn-mediated transcytosis is most well known for its role in the intestinal absorption of maternal IgG in neonatal rodents and the transplacental transport of maternal IgG in humans. [16] [17] [18] In this function, FcRn binds to IgGs either in endosomes or at the cell surface (for cells that are bathed at acidic pH such as intestinal epithelial cells), guides them to the opposite side of the cell surface and then releases them to various destinations, including interstitial space. This FcRn-mediated transcytosis pathway is bidirectional and is inherently polarized depending on physiological needs to direct the majority of its IgG cargo either away from or toward the circulation. 19, 20 Since both recycling and transcytosis direct internalized mAbs away from lysosomes, both pathways contribute to the IgG salvage function of FcRn by regulating catabolism of mAbs, and are expected to affect mAbs' nonspecific clearance in vivo.
Studies in animals 21, 22 and nonhuman primates 23 have been routinely conducted to predict PK of mAbs in humans. However, these studies are time consuming and costly, and often involve animal sacrifice. Furthermore, translation of PK results from animal studies to humans is not straightforward, in part due to species differences in FcRn binding, targetdependent drug disposition, and induction of anti-drug immune responses. 24 On the other hand, a wide variety of in vitro assays have been developed to predict in vivo PK behavior of mAbs. These assays were typically designed to assess specific physicochemical properties of mAbs that are known to affect PK behavior, such as nonspecific binding, 7 binding to extra-cellular matrix (ECM), 25 or interactions with FcRn. 26, 27 However, due to the multiplicity of factors involved in clearance, none of these assays has shown consistent success in predicting PK of mAbs. Given the nature of FcRn as an intracellular trafficking molecule, the dynamics of endosomal sorting and trafficking of Fccontaining molecules are expected to affect the efficiency of the FcRn-mediated salvage mechanism, and hence the nonspecific clearance of mAbs. In addition, the processes of cellular uptake via pinocytosis or endocytosis could also play a role in determining the rate and extent of IgG catabolism. Engineered cell lines expressing stably transfected FcRn have been used to study the structure and function of FcRn, as well as FcRn-mediated intracellular trafficking pathways. [28] [29] [30] Cell-based assays employing such cell lines are promising tools for predictive assessment of PK properties of antibody-based drug candidates.
Transcytosis assays using Madin-Darby canine kidney (MDCK) cells stably expressing human FcRn have been developed to support development of engineered antibodies or antibody domains with enhanced FcRn binding and engineered FcRn-binding peptide fusion proteins. [31] [32] [33] The transcytosis readouts from these assays appeared to correlate with test molecules' in vivo clearance. Similar assays have been used to characterize FcRn binding of therapeutic antibodies and Fc-fusion proteins, including wild-type (WT) and engineered Fc variants with varying FcRn binding affinities, as well as oxidized and aggregated antibody samples. 34 Further, a human endothelial cell-based recycling assay was developed to support preclinical screening of Fc-engineered human IgG1 variants and showed correlations between recycling efficiency and half-lives in human FcRn transgenic mice. 35 However, none of these assays have demonstrated consistently the capability to predict PK behavior of conventional IgGs carrying regular Fc sequences.
Here, we describe the development and characterization of an FcRn-dependent cell-based assay that measures transcytosis of regular mAbs in MDCK cells expressing human FcRn under conditions resembling the FcRn-mediated IgG salvage pathway. The output of this assay is attributable to not only Fc-FcRn interactions at physiological conditions, but also nonspecific binding, cellular uptake, sorting, and intracellular trafficking processes pertaining to in vivo PK behavior of mAbs. Based on the evaluation of 53 mAbs with diverse structure, function, and pharmacological properties, we found a notable correlation between transcytosis outputs and clearance of mAbs in humans. To our knowledge, this is the first reported correlation between an in vitro readout and an in vivo PK parameter for a large group of conventional human/humanized antibodies. This novel in vitro assay offers an unprecedented utility to biopharmaceutical scientists as a time-efficient, cost-effective, and animalsparing tool for evaluation of mAb-based drug candidates during lead selection and optimization, and process development for desired PK properties.
Results

Development of an FcRn-mediated transcytosis assay
The MDCK cell line was co-transfected with human FcRn heavy chain (FCGRT) and B2M genes. Cells expressing both genes were isolated by flow cytometry. A clonal cell line (MDCKhFcRn; 305-6) expressing high levels of FCGRT and B2M on cell surface (Figure 1 ) was selected for development of an FcRndependent transcytosis assay. Expression of the transfected human FcRn was characterized by immunofluorescence microscopy using antibodies recognizing FCGRT, transferin receptor (a recycling endosome marker), and LAMP1 (a late endosome and lysosome marker). Consistent with a published report, 36 the human FcRn in MDCK-hFcRn cells was expressed mostly in intracellular compartments and co-localized with transferrin receptor but not LAMP1 (Figure 2 ).
For the transcytosis assay, cells were grown to confluence on filter membranes in trans-well plates. Test molecules were added to the growth medium in the inner chamber and allowed to incubate for 24 h. Test molecules transported through the cells were released into the medium in the outer chamber and quantified by enzyme-linked immunosorbent assay (ELISA). The assay was optimized for seeding density, trans-well plate format, loading concentration, assay medium, and assay duration (data not shown). Of note, since the assay medium contained fetal bovine serum (FBS), the human FcRn is expected to engage test antibodies while binding to bovine albumin. 37 Therefore, the setup of the assay allows assessment of FcRn-mediated intracellular trafficking of test antibodies under relevant physiological conditions.
The assay was qualified to demonstrate suitable precision and specificity. The precision of the assay was determined by calculating overall variability of transcytosis values of the bevacizumab reference material from six independent runs. The mean transcytosis value is 3.5 ng/mL with a standard deviation value of 0.36. The average intra-assay precision is 7.7% and overall inter-assay precision is 9.5%. The specificity of the assay was demonstrated by testing molecules either without Fc (ranibizumab, an anti-vascular endothelial growth factor A antigen-binding fragment [Fab] ) or carrying Fc with mutations that abolish FcRn binding (anti-herpes simplex virus glycoprotein D [gD]-HAHQ antibody). The transcytosis values of ranibizumab and the anti-gD-HAHQ antibody were 0.3 and 0.8 ng/mL, significantly lower than those of bevacizumab and anti-gD WT antibody at 3.5 and 3.0 ng/mL, respectively. Results of this study demonstrate the specificity of the assay for molecules carrying function Fc fragments. In addition, effects of antibody concentration on transcytosis were evaluated by testing bevacizumab at a starting concentration of 3000 µg/mL, followed by threefold serial dilutions. Increasing the loading concentration of bevacizumab in our assay clearly led to more effective transcytosis in a concentration-dependent manor (Supplementary Figure S1) .
Correlation of in vitro transcytosis output with in vivo clearance of mAbs in humans
A panel of 53 mAbs, including 30 marketed therapeutic antibodies and 23 clinical mAb candidates, were tested in the assay and the transcytosis outputs were analyzed for potential correlations with their clearance in humans. The mAbs chosen for this study were based on the availability of clinicalgrade materials and documented human PK data. These mAbs are highly diversified in terms of IgG subclass, target property (soluble vs. membrane-bound), mechanism of action (blocking/antagonistic vs. depletion), and route of administration. Several molecules contain engineered mutations that alter their effector functions (e.g., atezolizumab and durvalumab), enable association of bi-specific half antibodies (e.g., emicizumab), or stabilize IgG4 Fab arms (e.g., nivolumab and pembrolizumab). However, none of the test molecules contain mutations that were designed to modulate their PK or FcRn interactions. In addition to the transcytosis assay, most molecules were also evaluated for nonspecific binding activity by the baculovirus (BV) ELISA 7 or FcRn binding affinity at pH 6.0 with a biolayer interferometry-based method. 27 The assays results, the clearance in humans, and selective biochemical/ biological properties of the mAbs are presented in Table 1 . The mean transcytosis output of the mAb panel is 5.4 ng/mL with a median of 4.7 and a range of 2.6-14.9, which reflects an average of about 0.005% of the materials loaded in the inner chamber (100 µg/mL). The respective mean, median, and range of FcRn binding affinity at pH 6.0 was 0.6, 0.54 , and 0.25-1.8 µM and 0.25, 0.06, and 0.04-3.9 for BV ELISA score. The human clearance values of 30 marketed mAb drugs were obtained from the drug's prescribing information or published reports, and those of the 23 clinical stage mAbs were generated from clinical studies conducted at Genentech. The mean, median, and range of clearance in human are 5.0, 4.1, and 1.4-14.1 mL/d/kg. The wide ranges of assay results and clearance values further indicate the substantial diversity of the mAbs tested in this study.
As shown in Figure 3 (a), an apparent trend of association was observed between the transcytosis outputs and clearance of the mAbs (R 2 > 0.8). It appeared that antibodies with faster clearance in humans showed higher transcytosis outputs in the assay. Of note, the observed correlation was not affected by sub-grouping test molecules based on marketed or development molecules, target property (membrane-bound or soluble), or route of administration (intravenous vs. subcutaneous injection; Supplementary Figure S2 ). On the other hand, clearance showed no apparent correlation with FcRn binding affinity (Figure 3(b) ) or BV ELISA score that reflects nonspecific binding (Figure 3  (c) ). Of note, additional transcytosis experiments were performed using selective test molecules and a different clonal MDCK-hFcRn cell line 305-2 that expressed about 50% lower level of human FcRn than 305-6. It appeared that both cell lines supported the transcytosis assay and showed similar trends of correlation between the transcytosis outputs of the test molecules and their respective clearance in humans (Supplementary Figure S3) . Therefore, this finding was likely attributable to expression of human FcRn in MDCK cells, and not due to unique properties of a specific human FcRntransfected MDCK cell line.
To demonstrate the dependence of FcRn in both the transcytosis output and the observed correlation with clearance, ten mAbs from the panel were tested in the same assay using the untransfected MDCK cells. As expected, transcytosis outputs from the untransfected MDCK cells were in general less than 20% of those from the MDCK-hFcRn cells (Table 2) , and showed no apparent correlation with clearance in humans (Figure 4(a) ). On the other hand, transcytosis in MDCKhFcRn cells with the same set of mAbs shows a strong correlation with clearance ( Figure 4(b) ). These results support that expression of FcRn is required to promote efficient transcytosis of test molecules in this assay and contributes directly to their observed correlation with clearance in humans. However, given the complexity of this cell-based transcytosis assay, it is not surprising that FcRn binding alone showed no correlation with transcytosis ( Table 2 ). In fact, whereas antibodies engineered for enhanced FcRn binding have shown extended half-lives in vivo, lack of correlations between FcRn binding and PK properties of both regular and engineered mAbs have been well documented. 7, 14, 37 Therefore, the lack of correlation between transcytosis and FcRn binding is actually consistent with current understating of molecular mechanisms underlying PK of mAbs that FcRn interaction is a required function, but not the sole determinant for their clearance in vivo.
Impact of cell binding on transcytosis of mAbs
Transcytosis of test molecules in our assay required binding and internalization by MDCK-hFcRn cells. Test molecules may bind to the cells via nonspecific interactions or specific binding to surface molecules at physiological pH, both of which may affect transcytosis output. To evaluate the effect of cell binding on transcytosis, ten mAbs were incubated with MDCK-hFcRn and MDCK cells, and the levels of bound antibodies were assessed by flow cytometry. No significant difference was observed in binding activity between the two cell lines, indicating minimal binding by the mAbs to human FcRn at physiological pH (Table 2) . Further, no apparent correlation between cell binding and the transcytosis output or clearance with either cell lines was observed (Supplementary Figures S4(A-D) ). However, elevated binding to both cell lines was observed with trastuzumab and pertuzumab ( Table 2 ). Since human epidermal growth factor receptor 2 (HER2) shares 92% amino acid homology with its canine counterpart, 42 the observed binding of anti-HER2 antibodies to MDCK cells is likely due to cross-reactivity to canine epidermal growth factor receptor-2 (EGFR-2). In fact, the canine EGFR-2 contains both HER2 interaction sites recognized by trastuzumab and pertuzumab, each contains one single amino acid change, histidine 296 to asparagine for pertuzumab, 43 and proline 557 to serine for trastuzumab. 44 It appeared that the moderate increase in binding to MDCK cells by trastuzumab did not result in increased transcytosis in untransfected MDCK cells, and that its transcytosis value in the MDCK-hFcRn cells remained consistent with its clearance in humans. On the other hand, a substantial increase in binding to MDCK cells was observed for pertuzumab, which showed noticeably higher transcytosis in both cell lines, but similar clearance in humans, compared to trastuzumab. It is likely that the increased transcytosis by pertuzumab was an assay artifact due to its increased binding to canine EGFR-2 and enhanced internalization/uptake via receptor-mediated endocytosis. The lower binding to MDCK cells (compared to trastuzumab) and minimum impact on transcytosis by trastuzumab could be due to the proline 557 to serine substitution in canine EGFR-2, which may lead to reduced Data are shown as averages of reportable values from at least two independent experiments. With the exception of those specified, clearance values were obtained from the US Food and Drug Administration-approved prescribing information or generated from clinical studies sponsored by Genentech. ND = not done; ROA = route of administration; M = membrane-bound; S = soluble; SC = subcutaneous injection; IV = intravenous injection; IM = intramuscular injection. 
Impact of charge on transcytosis of mAbs
Antibodies with high pIs or more positive Fv charge have been shown to exhibit faster clearance than their lower pI/less positively charged counterparts, 3, 4 likely due to their enhanced electrostatic interaction with the cells or ECM. 45 To evaluate the effect of charge on transcytosis, two sets of charge variants based on two humanized IgG1 mAbs, antilymphotoxin α (anti-LTα), or humAb4D5-8 (anti-HER2) were tested. Each set of samples included the parent molecule, one that had a more positively charged Fv and one that had a less positively charged Fv. With the exception of the less positively charged anti-HER2−4, the effect of Fv charge on PK behaviors of these molecules in cynomolgus monkeys was demonstrated in a previous study. 4 Consistent with the observed correlation between transcytosis and clearance, the more positively charged variants (anti-LTα+3 and anti-HER2+5) showed higher transcytosis and faster clearance, whereas the less positively charged variant (anti-LTα−4) showed lower transcytosis and slower clearance (Table 3) . Therefore, the transcytosis output correctly predicted the observed rank order of clearance of the charge variants and demonstrated that our assay is capable of assessing effects of charge on clearance of mAbs in vivo. On the other hand, the less positively charged anti-HER2-4 showed slightly higher transcytosis and faster clearance. While we do not fully understand the root cause for this discrepancy, it is possible that the engineered mutations in anti-HER2−4 might have inadvertently altered other biochemical properties of the molecules, resulting into neutralized effects. Nevertheless, the fact that the transcytosis output of this molecule correctly matched its clearance and not the charge further supports our hypothesis that the output of the transcytosis assay may be attributable to most of the major factors known to affect PK, but reflects only combined effects of these factors.
The impact of electrostatic interactions on transcytosis and clearance was further examined. The combined Fv (V L + V H ) charge and pI values of 20 mAbs were determined (Supplementary Table S1 ) and their relationships with the transcytosis outputs or clearance in humans were analyzed. As shown in Figure 5(a,b) , no apparent trend of association was observed between clearance and either combined Fv charge or pI (R 2 < 0.25). On the other hand, the correlation between clearance and transcytosis remains strong (R 2 > 0.8) with this subset of mAbs ( Figure 5(c) ).
Impact of glycosylation on transcytosis of Fc-containing molecules
Glycosylation patterns of mAbs or Fc-fusion proteins can significantly affect their PK and pharmacodynamics behaviors. 9, 10, 46 To determine the effects of glycosylation on transcytosis, two sets of Fc-containing molecules were tested. The first set included a humanized IgG1 mAb, ocrelizumab (2H7-WT), and its deglycosylated (2H7-DG), afucosylated (2H7-AF), and mannose-5 (2H7-Man5) glycoform variants. The second set was based on X-Fc, a fusion protein consisting of a human glycoprotein X and human IgG1 Fc. Three variants of X-Fc with high, medium, and low level of sialylation (X-Fc-SA-H, X-Fc-SA-M, and X-Fc-SA-L, respectively) were tested. The clearance values of 2H7-WT and 2H7-Man5 in mice were obtained from a published study; 10 the clearance values of the X-Fc sialylation variants were generated from a mouse study described in the "Materials and methods" section. While no clearance data were available for 2H7-DG and 2H7-AF, mAbs depleted of Fc N-glycans or core-fucose have been shown to exhibit similar PK compared to WT antibodies. 47 As shown in Table 4 , compared to the 2H7-WT, similar transcytosis outputs were observed for 2H7-DG and 2H7-AF, whereas twofold increase was observed for 2H7-Man5. Therefore, clearances of 2H7-DG and 2H7-AF were predicted to be similar to 2H7-WT, whereas 2H7-Man5 was predicted to exhibit faster clearance, both of which were confirmed by their expected/observed relative clearance values in mice. On the other hand, the three X-Fc sialylation variants showed decreasing levels of transcytosis in an order consistent with decreased amount of terminal galactose as a result of increased sialylation. The predicted rank order for clearance of these sialylation variants is consistent with the observed clearance data from the mouse study (Table 4) . Binding of the mannose receptor 48 and the asialoglycoprotein receptor 49 on cell surface by high-manose and sialylated glycoproteins has been implicated as the cause for their accelerated clearance. We performed cell binding study to investigate this possibility, but did not observe any notable differences in binding to MDCK-hFcRn cells among the two sets of glycosylation variants (Table 4 ). This suggests that the increase in transcytosis was likely not due to binding to specific receptors on MDCK cells. However, further studies are needed to confirm the presence or absence of such receptors on MDCK cells.
Impact of altered FcRn binding on transcytosis
Antibodies engineered for enhanced FcRn binding have been shown to exhibit slower clearance and prolonged halflives. 13, 14, 37 To investigate transcytosis behavior of mAbs with altered FcRn binding affinity, two sets of humanized IgG1 mAbs were tested. One set included an anti-vascular endothelial growth factor WT antibody (anti-VEGF-WT) and an anti-VEGF-QA antibody with T307Q/N434A mutations that increase FcRn binding up to tenfold. 37 The other set included an anti-gD-WT antibody, and two of its FcRn binding variants, anti-gD-HAHQ with H310A/H435Q mutations that reduce FcRn binding to undetectable levels, 50 and anti-gD-YTE with M252Y/S254T/T256E mutations that increase FcRn binding for more than tenfold. 13 As shown in Table 4 , all five molecules showed detectable transcytosis with anti-gD-HAHQ showing the lowest output likely due to its inability to bind to FcRn. However, contrary to results from the mAb panel where increased transcytosis output correlated with increased clearance, both the anti-VEGF-QA and the anti-gD-YTE antibodies that exhibit slow clearance in vivo showed increased transcytosis compared to their WT counterparts (Table 4) . Cell binding studies revealed that the anti-gD-YTE antibody bound to MDCK-hFcRn cell at a significantly higher level compared with the WT version (Table 4) , likely due to its enhanced binding to FcRn at neutral pH. These findings indicate that molecules exhibiting altered binding affinity for FcRn via protein engineering may behave differently than mAbs carrying typical Fc in this assay.
Discussion
Using MDCK cells stably expressing human FcRn, we developed a cell-based assay that measures transcytosis efficiency of mAb under conditions relevant to the FcRn-mediated IgG salvage pathway. This assay provides an ideal model system for predictive assessment of clearance of mAbs in humans by assessing the combined effects of nonspecific binding to cells, cellular uptake via pinocytosis, pH-dependent interactions with FcRn, and dynamics of intracellular trafficking, and sorting processes. Evaluation of 53 mAbs with diverse structure, function, and pharmacological properties in this assay revealed a notable correlation between the transcytosis outputs and clearance in humans. The transcytosis output also correctly predicted the impact of glycosylation and charge variations on clearance. It is worth noting that the observed correlation between the transcytosis readout and clearance in humans may apply to a broad range of mAbs carrying typical Fc regions, but not to those engineered for substantially altered FcRn or FcγR binding activities. Additionally, caution should be taken in cases where the test antibodies exhibit unusual binding to MDCK cells due to cross-reactivity to canine cell-surface proteins. The expression of human FcRn appeared to be required for efficient transcytosis in the assay, and contributed directly to the observed correlation between the transcytosis readout and clearance in humans. In the absence of FcRn, the untransfected MDCK cells mediate very low levels of transcytosis that showed no correlation with clearance. However, consistent with published reports that FcRn binding affinity (at acidic pH) does not in general predict PK behavior of mAbs, 7, 14, 37 FcRn binding affinity also does not correlate with in vitro transcytosis efficiency. Nevertheless, FcRn binding analysis for mAbs tested in this study showed that molecules with the same Fc sequences may exhibit vastly different FcRn binding affinities at pH 6.0 (up to sevenfold differences among mAbs carrying IgG1 heavy chain and kappa light chain), which is consistent with previous reports that additional molecular attributes of the Fab region may impact overall FcRn interaction of the mAb. 51 Nonspecific binding to cells affects both the rate of internalization and off-target retention that may contribute to a faster clearance in vivo and more efficient transcytosis in our assay. Nonspecific interactions due to electrostatic attractions between cationized molecules and anionic heparan sulfate proteoglycans have been implicated in cellular internalization of macromolecules. 45 The BV ELISA that detects binding to BV particles is a useful tool for evaluation of nonspecific binding of therapeutic proteins. 7 In this study, the BV ELISA scores of 49 mAbs showed no apparent correlation with human clearance. Further, of the 12 mAbs with the top 25% of scores, only half of them exhibit fast clearance in humans (>6 mL/kg/d). In addition, evaluation of Fv charge, pI, and binding activity to both untransfected MDCK and MDCK-hFcRn cells also failed to reveal any notable correlations with either transcytosis or clearance. It appears that neither FcRn binding affinity nor nonspecific binding parameters can be used alone to predict the test molecules' transcytosis output or clearance due to multiplicity of factors involved in these functions.
Glycosylation is also known to influence the distribution and catabolism of mAbs in vivo. It has been reported that liver cells expressing asialoglycoprotein receptors bind to galactose residues in glycoproteins without terminal sialylation and mediate their endocytosis and eventual degradation/ clearance. 49, 52 In addition, Kupffer and sinusoidal endothelial cells in liver, as well as macrophages and dendritic cells in blood and tissue, express mannose-binding receptors that bind and clear mAbs carrying high-mannose glycans. 53 It is unknown if MDCK cells express asialoglycoprotein receptors or mannose-binding receptors; however, our results showed no distinct pattern of differential binding to untransfected MDCK and MDCK-FcRn cells among the glycoform variants tested. It is possible that the presence of glycans with terminal mannose or sialic acid provides additional properties that influence the output of the neutral pH transcytosis assay that happens to correlate with their impact on PK. For example, sialylation results in an increase in the net negative charge of mAbs and lowers their pI value, thereby leading to formation of acidic variants that bind favorably to the anionic component of mammalian cell membranes. While we did not observe any notable increase in binding to MDCK cells, it is possible that the increase in net charge due to the addition of sialic acid might affect intracellular trafficking parameters, which in turn affected the output of the transcytosis assay. In any case, the results of this study suggest the involvement of additional mechanisms in the clearance of highmannose and highly sialylated glycoform variants in humans.
A number of cell-based assays employing MDCK cells transfected with human FcRn have been developed to support development of therapeutic proteins with prolonged half-lives in humans. [31] [32] [33] [34] [35] While some of these assays showed notable correlations between assay output and clearance of engineered molecules with enhanced FcRn binding, none were able to predict clearance of conventional mAbs. In these assays, test molecules were typically loaded into the inner chamber of transwells with acidic buffer (pH <6.0) and the transcytosed molecules were harvested in the outer chamber with basic buffer (pH >7.4). The assay was designed to take advantage of the pH-dependent binding characteristic of FcRn to facilitate the cellular uptake of test molecules via binding with the FcRn on cell surface under acidic conditions and the release of the test molecules under basic conditions. However, these assays are inherently flawed for predictive assessment of PK behavior of mAbs. Since the transfected cells express high levels of FcRn and the assay is performed under acidic conditions, the test antibodies exhibiting high binding affinity toward FcRn will readily bind to FcRn and enter the cells via FcRn-mediated endocytosis. This is in contrast to what happens in vivo, where antibodies bind minimally to FcRn at physiologic pH, and cellular uptake is mainly mediated by nonspecific fluid-phase pinocytosis. Since the outputs of these transcytosis assays are heavily influenced by the antibody's FcRn-binding affinity at acidic pH, they cannot properly reflect the contribution of other factors known to impact PK, such as nonspecific binding, electrostatic interactions, and intracellular trafficking parameters. In addition, incubation of the cells under acidic conditions limits the duration of the assay and may potentially create additional assay artifacts. It is possible that the attempts to use these assays to predict clearance of conventional mAbs in vivo have not been successful because of these limitations.
FcRn-mediated recycling and transcytosis pathways share several functional characteristics: both are mediated by FcRn, both divert the FcRn complexed IgG away from lysosome, and both involve intracellular trafficking through cells. 18 We initially assumed that both pathways contribute to protection of IgG from lysosomal degradation and hypothesized that an increase in transcytosis reflects an increase in recycling, which translates to more efficient rescue of the internalized IgG, and hence reduced degradation by lysosome and reduced clearance. This hypothesis was supported by the behavior of mAbs with Fc mutations that significantly alter their FcRn binding affinity. Consistent with their extended half-life and reduced clearance, both mAbs with higher FcRn binding affinity (anti-VEGF-QA and anti-gD-YTE) showed increased transcytosis compared to their low FcRn binding counterparts. However, the results of the mAb panel showed an opposite trend of correlation, where mAbs with faster clearance were transcytosed more efficiently. This discrepancy may be explained by increased binding to FcRn in neutral pH that enhance cellular uptake of the mAbs in this assay. Alternatively, the substantially enhanced FcRn binding may affect interactions with the sorting mechanisms and dynamics between the recycling and transcytosis pathways. It has been reported that the extent of recycling vs. transcytosis may vary depending on the cell type and the availability of adaptor proteins. 18 For example, in the lactating mammary gland where both recycling and transcytosis of IgG appears to occur, IgG molecules with high affinity for FcRn were delivered less efficiently into the milk than those IgG molecules of lower affinity. 54 Whereas the recycling pathway is responsible for transporting internalized IgG back to circulation, the transcytosis pathway transports IgG between vascular space and tissue compartment for specific physiological needs, e.g., the transplacental transport of maternal IgG to fetus. 55 The fact that IgG is present in secretions of various mucosal sites supports that FcRn function in vivo to transport IgGs across various cell barriers for immune surveillance and host defense. 16, 56 The observed correlation between transcytosis and clearance suggests that FcRnmediated transcytosis may inadvertently serve as an elimination mechanism of antibodies pertaining to their PK.
Given the complexity of in vivo mechanisms involving absorption, distribution, metabolism, and elimination of antibodies, it is unlikely that any single in vitro system can consistently and accurately predict PK behavior of mAb drugs in humans. Nevertheless, by incorporating human FcRn in a cellbased assay with an intracellular trafficking readout relevant to the FcRn-mediated IgG salvage pathway, the transcytosis assay described here is well equipped to provide an output that reflects the target-independent, nonspecific clearance mechanism of mAbs in humans. Whereas the assay appears to be applicable to a diverse group of Fc-containing molecules and responds to factors known to impact PK, it remains to be determined if the correlation observed in this report represents a fortuitous coincidence or a revelation that may fundamentally change our views on FcRn-mediated transcytosis pertaining to PK of mAb drugs.
This report demonstrates for the first time a correlation between an in vitro readout and in vivo PK parameter of mAbs. Despite the discussed limitations and need for further mechanistic investigations, this cell-based assay offers drug developers an unprecedented tool for in vitro evaluation of potential liabilities in nonspecific clearance of drug candidates to support lead selection and optimization, with the aim to rank order candidates and reduce the number of molecules tested in animal models. In addition, the addition/inclusion of the transcytosis data may facilitate development of improved mechanism-based PK models to support design of optimal dose and dosing schemes in clinical studies.
Materials and methods
Test molecules
The test molecules included a panel of 53 mAbs with documented clearance values in humans, 3 Fc-fusion proteins and additional 12 mAbs (4 charge variants, 3 glycosylation variants, and 5 FcRn binding variants). In the mAb panel, 30 are marketed therapeutic antibodies of which 19 (ofatumumab, vedolizumab, adalimumab, natalizumab, nivolumab, pembrolizumab, avelumab, cetuximab, palivizumab, infliximab, olaratumab, panitumumab, reslizumab, basiliximab, ixekizumab, durvalumab, evolocumab, alirocumab, golimumab) were purchased from the manufacturers. The remaining antibodies were produced in engineered Chinese hamster ovary (CHO) cells at Genentech (South San Francisco, CA, USA).
The deglycosylated ocrelizumab was produced by incubating 1 mg of ocrelizumab with 275 units of PNGase F (Cat# P0705, New England Biolabs, Ipswicch, MA, USA) at 37°C for 24 h and further purified through a protein A column. The Man-5 glycoform of ocrelizumab was produced by addition of kifunensine (Cat# 1000943, Cayman Chemical Company, Ann Arbor, MI, USA) to the cell culture media at 5 mg/L as an α-mannosidase inhibitor to prevent removal of extra mannose molecules in the endogenous glycosylation pathway. The Man8/9 glycoforms obtained from the cell culture process with kifunensine addition were purified through a protein A column. The purified glycoforms at 10 mg/mL were then incubated with 20 mU/mL α-mannosidase I (Cat# GKX-5009, ProZyme, Hayward, CA, USA) at 37°C for 24 h to produce Man5 glycoforms in vitro.
The sialylated Fc fusion proteins, X-Fc-SA-L, X-Fc-SA-M, and X-Fc-SA-H, were produced and purified from an engineered CHO cell line at Genentech.
Production and characterization of charge variants of anti-LTα and humAb4D5-8 (anti-HER2) were as previously described. 4 Production of FcRn-binding variants of anti-gD and anti-VEGF was as previously described. 37, 57 Generation and characterization of MDCK cells expressing human FcRn
MDCK II cells (European Collection of Authenticated Cell
Cultures, Salisbury, UK) were grown in Dulbecco's modified minimal essential media (DMEM) containing 10% FBS (Clontech, Mountain View, CA, USA), 100 units/mL penicillin, 100 μg/mL streptomycin, and 0.292 mg/mL L-glutamine (Cat# 10378016, Thermo Fisher Scientific, Waltham, MA, USA) in a 37°C, 5% CO 2 humidified incubator. Cells were transfected by electroporation with a modified pRK plasmid containing cDNA for human FCGRT (UniProtKB-P55899, FCGRTN_HUMAN) and B2M (UniProtKB -P61769, B2MG_HUMAN) separated by a P2A sequence 58 and under control of a cytomegalovirus promoter. After 3 d, the cells were selected with 5 µg/mL of puromycin and expanded for 2 weeks.
Cells were then sorted for FCGRT expression by fluorescence-activated cell sorting (FACS) using an anti-FCGRT antibody (Cat# ADM31, Aldevron, Fargo, ND, USA) and a secondary anti-mouse phycoerythrin (PE)-conjugated antibody (Cat# A10543, Thermo Fisher Scientific). All clones were maintained with constant selection agent (5 μg/mL puromycin). The final clone was chosen based on both FCGRT and B2M cell surface expression assessed by flow cytometry using anti-human B2M fluorescein isothiocyanate (FITC)-conjugated antibody (Cat# 2M2, BioLegend, San Diego, CA, USA) as described below.
The MDCK-II cells were grown to confluence and detached using a non-enzymatic cell dissociation reagent (Cat# C5914, Sigma Aldrich, St. Louis, MO, USA). Cells were first stained with an anti-FCGRT antibody in PBS, 0.05 M ethylenediaminetetraacetic acid (EDTA), 2% bovine serum albumin (BSA) for 1 h on ice. After washing, the cells were incubated with an anti-mouse PE-conjugated secondary antibody and with an anti-B2M FITCconjugated antibody for 1 h on ice, in the dark. The samples were washed and resuspended in PBS, 0.05M EDTA, 2% BSA for flow cytometry analysis on a BD FACSCanto II (BD Biosciences, San Jose, CA, USA). A clonal cell line (MDCK-hFcRn 305-6) expressing high levels of FCGRT and B2M on cell surface (Figure 1 ) was selected for further development of the FcRn-dependent transcytosis assay.
To characterize expression of transfected FcRn in MDCK cells, hFcRn-MDCK-II cells were plated at 5000 cells/well on 8-well LabTek-II slides for 4 d, fixed at 85% confluency in 3% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA, USA) for 20 min at room temperature and quenched for 10 min with 50 mM NH 4 Cl. Saponin buffer (0.4% saponin, 1% BSA, 2% FBS in PBS) was used for subsequent permeabilization, blocking, antibody incubations, and wash steps. Primary antibodies were 1 µg/ ml 8C3 anti-FCGRT (mouse IgG2b, Genentech), 1 µg/ml rabbit anti-LAMP1 (Cat# 24170, Abcam, Burlingame, CA, USA) and 0.5 µg/ml anti-transferrin receptor (H68.4, mouse IgG1, Cat# 13-6890, Invitrogen, Carlsbad, CA, USA), applied for 1 h at room temperature. Respective secondary antibodies were Alexa 488 anti-mouse IgG2b (Cat# A21141, Invitrogen), Alexa 647 antimouse IgG1 (Invitrogen A21240), and Cy3 anti-rabbit (Cat# 711-166-152, Jackson ImmunoResearch Laboratories). Coverslips were mounted using Prolong Gold with DAPI (Cat# P36931, Invitrogen). Slides were imaged on a spinning disk confocal (Zeiss 3i W AxioObserver M1) with a 63× PlanAPO N.A. 1.4 objective controlled by SlideBook (v6) with 405, 488, 561, and 640 nm lasers and detected with a Hamamatsu FLASH 4.0 sCMOS camera. Figures were assembled in Photoshop CS5.1, with gamma levels adjusted across the whole image for brightness.
Transcytosis assay
Cells were seeded at a density of 1 × 10 5 cells/well in cell growth medium (DMEM High Glucose supplemented with 10% FBS, 100 units penicillin/streptomycin, and 5 µg/mL puromycin) in 96-well trans-well plates (Cat# CLS3381, Corning Costar, Corning, NY, USA), with 100 and 200 µL of medium in the inner and outer chambers, respectively. Cells were used for experiments on the second day post-plating. The medium in the inner chamber was removed and test molecules were added to a final concentration of 100 µg/mL (0.67 µM) and incubated for 24 h at 37°C. The functional integrity of filter-grown MDCKhFcRn cells was monitored by measuring trans-epithelial electrical resistance (TEER). The TEER of monolayers before the assay typically ranged from 250 to 300 Ω*cm 2 , a characteristic range for polarized MDCK II cells. 30 The barrier integrity (leakiness) of the monolayer during the assay was monitored by spiking Lucifer Yellow (Lucifer Yellow CH, dilithium salt; Cat# L0259, Sigma Aldrich) along with the test molecules in the inner chamber. Lucifer Yellow prepared in cell growth medium was added in the final 90 min of the 24-h assay incubation. Media from the outer chamber were collected and the amount of transcytosed molecules was determined by ELISA. The level of passive passage of Lucifer Yellow during the assay was calculated by dividing the florescent signal in samples from the outer chamber by that of the inner chamber. Transcytosis results from wells exhibiting greater than 0.1% of passive passage of Lucifer Yellow in the outer chamber were discarded.
The output of the assay represents the concentration (ng/ mL) of the transcytosed molecule in the medium of outer chamber and the reportable value of the assay is average concentration of three replicate wells from the same plate.
Quantification of transcytosis
The concentration of transcytosed molecules in the medium of an outer chamber was measured with a sandwich ELISA as described in Chung et al. 34 Briefly, a 96-well microtiter plate was coated with goat anti-human IgG-F(ab)' (Cat# 109-006-088, Jackson ImmunoResearch Laboratories, West Grove, PA, USA) in a sodium carbonate buffer (pH 9.6) at 2-8°C overnight. After washing with PBS, 0.05% polysorbate-20 and blocking with PBS, 0.5% BSA, 0.1% casein, 0.05% P20, 0.05% Proclin300, serially diluted assay standards, controls, or samples in assay diluent (PBS, 0.5% BSA, 0.05% P20, 0.05% Proclin300) were added to the plate. After incubation and washing, the plate was incubated with goat anti-human IgG-Fc conjugated to horseradish peroxidase (HRP; Cat# 109-035-008, Jackson ImmunoResearch Laboratories) in assay diluent followed by addition of 3,3′,5,5′-tetramethylbenzidine (TMB) solution (Cat# 50-76-00, Kirkegaard & Perry Laboratories, Gaithersburg, MD, USA). Color was allowed to develop for 15 min without agitation, and the reaction was stopped by the addition of 1 M H 3 PO 4 . The absorbance was read at 450 nm with a 650 nm reference wavelength on a Spectra Max I3 plate reader (Molecular Devices Corporation, Sunnyvale, CA, USA). The data were processed using the SoftmaxPro software provided by the manufacturer. Concentrations of test antibodies in samples were interpolated from on a standard curve fitted with a four-parameter logistic model generated from the same plate.
For Fc-fusion proteins, the test molecules were captured by antibodies that bind specifically to the protein and detected by anti-human IgG-F(ab)' conjugated to HRP following the procedures described above.
BV ELISA
The BV ELISA measures nonspecific binding to BV particles as an indicator of general nonspecific binding properties of mAbs. 7 A 25 µL suspension of 1% BV particles prepared in coating buffer (0.05 sodium carbonate, pH 9.6) was added to individual wells in a 384-well plate (Cat# 464718, NuncImmuno Plate MaxiSorp Surface, Thermo Fisher Scientific) and incubated overnight at 4°C. Wells were blocked with 50 µL of assay buffer (PBS containing 5% BSA and 10 PPM Proclin) for 1 h at room temperature with gentle shaking. After washing the wells three times with 100 µL washing buffer (PBS), 25 µL samples prepared in assay buffer were loaded in duplicate and incubated for 1 h at room temperature with gentle shaking. Plates were washed six times with 100 µL washing buffer before 25 µL of goat anti-human Fcγ fragment specific conjugated to HRP (Jackson ImmunoResearch Laboratories) at 10 ng/mL in the assay buffer was added to each well and incubated for 1 h at room temperature with gentle shaking. After washing six times with 100 µL washing buffer, a 25 µL aliquot of TMB (Kirkegaard & Perry Laboratories) substrate was added per well for 15 min at room temperature with gentle shaking. The reactions were stopped by adding 25 µL of 1 M phosphoric acid. The absorbance at 450 nm was measured using a plate reader.
FcRn binding affinity measurement
The Octet RED96 system (ForteBio, Fremont, CA, USA) was used for in vitro FcRn-binding assays at 30°C in 96-well solid black plates (Cat# 655900, Greiner Bio-One, Monroe, NC, USA). FcRn was immobilized to nickel-nitrilotriacetic acid-coated biosensors (Cat# 18-0029, ForteBio) for 180 s at an optimized concentration. After adjusting the baseline, the mAb-FcRn binding rate was determined when the biosensor with immobilized FcRn was exposed to the mAb sample for 30 s in PBS that was adjusted to pH 6.0 with HCl. Prior to analysis, antibodies were dialyzed in PBS pH 6.0, diluted to 100 mg/mL in PBS pH 6.0 and used at a 200 µL volume. Each assay on a specific mAb was performed in quintuplicate. Data analysis was performed using software version 7.0 (ForteBio).
pI determination by imaged capillary isoelectric focusing
Imaged capillary isoelectric focusing was performed on an iCE280 Analyzer (ProteinSimple, Toronto, Canada) as described previously. 59 The anolyte and catholyte were 80 mM phosphoric acid and 100 mM NaOH, respectively, each prepared with 0.1% methylcellulose. The mAb samples were prepared in water containing carboxypeptidase and incubated at 37°C for 20 min to remove C-terminal lysine residues. The ampholyte mixture was combined with the carboxypeptidase-treated antibodies at a final concentration of 0.25 mg/mL. Electropherograms were imaged with the optical absorption detector at 280 nm.
Cell binding assay by flow cytometry
The cells were stained with test molecules at 100 µg/mL in FACS buffer (PBS 1% BSA, 2 mM EDTA, 0.1% sodium azide) and incubated for 1 h on ice. After washing with FACS buffer, cells were stained with PE-conjugated mouse anti-human IgG Fc secondary antibody (Cat# 9040-09, Southern Biotech, Birmingham, AL, USA) for 1 h on ice. Cells were washed and fix with fixation buffer (Cat# 554655, BD Biosciences, San Jose, CA, USA). The fluorescence intensity of stained cells was measured using a FACSCanto II flow cytometer (BD Biosciences) and the data were analyzed using FlowJo software (Tree Star, Ashland, OR, USA).
Mouse PK study with X-Fc sialylation variants A single intravenous bolus dose of each X-Fc sialylation variant was administered to CD1 mice at 1 mg/kg dose. At various timepoints up to 21 d post-dose, serum samples (n = 4/timepoint) were collected and analyzed for drug concentrations. Drug concentrations in serum were measured using a validated ELISA. Serum concentration-time data from individual animals were used to estimate PK parameters by a non-compartmental sparse analysis using Phoenix WinNonlin, version 6.4.0.768 (WinNonlin 6.4; Pharsight Corporation, Mountain View, CA, USA).
Total antibody concentrations in mouse serum were measured with an ELISA using the Gyros technology platform (Gyros US Inc., Warren, NJ, USA) and a generic PK assay as described by Williams et al. 60 This assay uses biotinylated sheep anti-human IgG antibody as the capture antibody and Alexa Fluor 647-conjugated sheep anti-human IgG as the detection antibody. The minimum dilution for this assay was 1:10. The assay has a standard curve range of 0.03--30 µg/mL for mouse serum.
